The chemical conversion of zinc-electroplated steel sheet using colloidal silica was investigated as an alternative to chromate conversion. The corrosion resistance of zinc-electroplated steel sheet with and without this treatment was estimated from electrochemical impedance spectroscopy, open circuit potential in 3 mass% NaCl solution and the salt spray test. The solution used for the colloidal silica coating consisted of colloidal silica, titanium sulfate, cobalt sulfate, and succinic acid. This solution produced an adhesive film and maintained good corrosion resistance. Adding cobalt ions to the colloidal silica solution enhanced the adhesion between the silica film and the zinc layer electroplated on the steel sheet. In the electrochemical impedance analysis, the corrosion protection conferred by the colloidal silica film was about five times greater than that of a normal zinc-electroplated steel sheet, but not as good as that of a chromate film. In the salt spray test, rust appeared more quickly on chromate-coated specimens than on colloidal silica film surfaces.
Introduction
Zinc is widely used as a metal coating on steel to reduce corrosion, because it acts as a sacrificial anode, providing high corrosion resistance. However, when the zinc surface is exposed to the atmosphere or aqueous solutions, corrosion product containing Zn(OH) 2 is rapidly generated. Many surface treatments are used to prevent corrosion, including chromate chemical conversion (CCC), [1] [2] [3] [4] [5] anodizing, 6, 7) painting, and electroplating. CCC is still one of the most efficient industrial surface treatments for electroplating steel. CCC films are very resistant to corrosion and wear due to the self-repairing function of the film resulting from the dissolution of Cr(VI) ions. However, the dissolution of Cr(VI) ions has an adverse effect on the environment and humans. Consequently, there is a considerable demand for an alternative surface treatment. 8) This study investigated the chemical conversion of zincelectroplated steel sheet using colloidal silica as an alternative surface treatment to CCC, and characterized film formability and corrosion resistance.
Experimental
The substrate consisted of 50 Â 50 Â 1-mm electroplated steel sheets coated with a 7-to 8-mm-thick zinc layer. The specimens were degreased with acetone, and then acid activated in 2 mass% HNO 3 at 298 K for 5 s. The standard conversion solution contained colloidal silica (Snowtex, Nissan Chemical Industries Ltd.) consisting of 10-20 nm SiO 2 particles at a concentration of 200 mM together with 4.2 mM Ti(SO 4 ) 2 , 1.8 mM CoSO 4 , and 4.2 mM C 2 H 4 (COOH) 2 . The solution pH was adjusted to 2 with HNO 3 . After activation and rinsing with water, the specimens were immersed in the conversion solution for 90 s with agitation. Then, the chemical conversion films that formed on the zinc-electroplated steel were dried at 353 K for 300 s. The surface of the coated film was observed by optical microscopy, scanning electron microscopy (SEM), and Fourier transform IR spectroscopy (FT-IR). The zeta potential test was carried out at an applied potential of 50 V. In total, 200 particles were measured. The range of potentials from À100 to þ100 mV was divided in 10 mV sections. The number of silica particles present in each section was measured. Then, average values were obtained, which followed a normal distribution. The peeling test was carried out according to JIS A 5422. For the peeling test, cellophane tape was stuck to a specimen, and after 120 to 180 s the tape was torn off quickly. The surfaces of specimens before and after the peeling test were observed by SEM. Electrochemical corrosion tests of the chemical conversion films were performed, including the open circuit potential, impedance spectroscopy in 3 mass% NaCl solution saturated with dissolved oxygen, and the salt spray test (SST). A two-electrode cell configuration was used for the electrochemical impedance analysis. Measurements were made at an AC voltage of 10 mV, a frequency range of 10 kHz-10 MHz, a surface area of 24 cm 2 , and a solution temperature of 303 K. The corrosion resistance values of the steel sheets and the film dissolution reaction obtained diameter of approximation value of circle at the range of 10 kHz-1 Hz. Therefore, the corrosion resistance increased with the diameter of the circle. The SST was carried out at a spray rate of 1:5 AE 0:5 mL/(hÁ80 cm 2 ) using 0.86 mol NaCl at 308 K. The corrosion resistance of the colloidal silica film was compared with that of a zinc-electroplated steel sheet and yellow chromate conversion coating film containing 20-40 mg Cr/m 2 . Figure 1 shows the effect of bath composition on surface morphology and a cross section of the silica film formed from the silica conversion solution. Cracks were observed on the surface of the colloidal silica film. These cracks became finer when Ti(SO 4 ) 2 was added to the solution. The film formed in the solution without Ti(SO 4 ) 2 was less than 1 mm thick, while it was greater than 5 mm thick in the silica conversion treatment solution. Therefore, Ti(SO 4 ) 2 strongly affects the growth rate of the colloidal silica film. With chemical conversion treatment for 90 s, the film was about 3-5 mm thick. The film thickness increased to 15-30 mm with increasing treatment time. In addition, the size of the particles formed by cracks increased with treatment time because the combination force of the film increased and dispersion of the force became difficult.
Results and Discussion
In addition, the effect of added Ti(SO 4 ) 2 was evaluated from the zeta potential of the colloidal silica particles with and without Ti(SO 4 ) 2 . Figure 2 shows the zeta potential of silica particles in a conversion solution at pH 2. The conversion solutions consisted of colloidal silica without (a) and with Ti(SO 4 ) 2 (b). The surface potential of silica particles changed with increasing concentrations of H þ and OH À ions, which led to positive and negative charges, respectively. At low pH, H þ is attracted to the OH À hydrated to the Si. When the charge on the silica surface is balanced exactly, this is the point of zero charge (PZC) of the hydrogen ion concentration.
9) The zeta potential in the solution without Ti(SO 4 ) 2 was negative and averaged ca. À30 mV, while the zeta potential in the solution with Ti(SO 4 ) 2 was positive and ca. 20 mV. Ti(SO 4 ) 2 shifted the surface potential of the silica particles to positive. This change in surface potential is also utilized to disperse TiO 2 paint pigments uniformly, by adding silica or alumina, which change the surface potential of the TiO 2 particles in paints. 10, 11) Since the local solution pH near the specimen increased with zinc dissolution and hydrogen evolution during chemical conversion, the effect of solution pH on the zeta potential of silica particles in colloidal silica solution with and without Ti(SO 4 ) 2 was examined. The pH was adjusted with HNO 3 and NH 3 . Without Ti(SO 4 ) 2 , the zeta potential became more negative as pH increased. Conversely, the surface charge changed from positive to negative at pH 5 (i.e., PZC) in the solution with Ti(SO 4 ) 2 . In addition, white areas of turbidity observed in the solution in high pH regions became more pronounced with the addition of Ti(SO 4 ) 2 . Gelation did not occur readily in silica particles with a negative surface charge, but gelation and film formation occurred readily after the silica particles passed through the PZC. These results suggest that a film forms on the surface of zinc-electroplated steel sheet as a result of the change in the zeta potential of the silica particles. We attempted to measure the change in the zeta potential with increasing pH, but could not, due to the turbidity that developed. Figure 3 shows the results of peeling tests of films formed from various solutions. Cobalt ions markedly reduced the size of the grains in the silica films and improved the adhesion of the silica films to the zinc-electroplated steel sheet. Cracks on the film surface were generated by surface tension as water evaporated with heating. As the adhesion between the zinc-electroplated steel sheet and the film is enhanced, the contractile force acting on the film is dispersed, and the grains become finer. When zinc is dissolved, hydrogen gas is generated on the zinc-electroplated steel sheet. It has been suggested that interface adhesion is increased by replacing some of the zinc with cobalt ions from CoSO 4 .
The gelation of colloidal silica on zinc-electroplated steel sheet was demonstrated using a silica conversion treatment. Polyvinyl alcohol (PVA; (CH 2 -CH-OH) 500 ) was added to the silica conversion treatment solution to improve the gelation of the colloidal silica. PVA promotes the gelation of colloidal silica via hydrogen bonding between hydroxide ions on the surface of the silica particles and PVA.
12) When 1 g/L PVA was added to the silica conversion treatment solution, a Characterization of the Silica Conversion Film Formed on Zinc-Electroplated Steelfilm was formed, but the surface morphology of the film did not differ much from that of the films formed in the standard silicate conversion solutions, as shown in Fig. 4 . Figure 5 shows FT-IR spectra of films formed from silica conversion solution with and without 1 g/L PVA. In general, FT-IR spectra are used to analyze organic compounds, and have been used to interpret the structures of thin films formed by the sol-gel method. [13] [14] [15] [16] Moreover, FT-IR can be used to determine the bonding in colloidal silica films. Peaks corresponding to Si-O-Si, Ti-O-Si, C-O-Si, and -OH were seen in the film. Small Ti-O-Si peaks were observed at 970 cm À1 , demonstrating the effect of the titanium ions from Ti(SO 4 ) 2 . The participation of titanium ions might assist the condensation of colloidal silica particles, resulting in the formation of a thicker film. However, a peak at 1384 cm À1 corresponding to Ti-O-Ti was not observed. 11, 17) The relationship between the corrosion resistance value (R ct ) and immersion time in 3 mass% NaCl solution at 303 K is shown in Fig. 6 . The corrosion resistance (R ct ) measured from impedance spectra is thought to represent the charge transfer resistance of specimens. The electrodes included zinc-electroplated steel sheet, silica conversion film, silica-PVA conversion film, and CCC. The respective R ct values after immersion for 8 days were approximately 0.06, 0.3, 0.55, and 3 m 2 . The corrosion protection conferred by the colloidal silica film was about five times greater than that of normal zinc-electroplated steel sheet, but not as good as that of a chromate film. In addition, the corrosion protection provided by PVA was about twice as great as that of colloidal silica film, but not as good as that of a chromate film. Figure 7 compares the rust generation time with immersion time in 3 mass% NaCl solution at 303 K. Zinc ions (Zn 2þ ) generated by the dissolution reaction of zinc were formed in sodium chloride solution, and combined with hydroxide ion. White rust consisted of Zn(OH) 2 mainly, appeared at approximately 8, 41.75, 56, and 66.5 days in average on the zinc-electroplated steel sheet, silica film, The corrosion behavior of films formed under various conditions was also examined using the salt spray test (SST). Figure 8 shows the relationship between the relative surface area covered with white rust and exposure time in the SST. White rust appeared more quickly on CCC films than on the colloidal silica film. Red rust appeared at approximately 100, 430, 900, and 1440 h on the zinc-electroplated steel sheet, CCC film, silica film, and silica film with PVA, respectively. The colloidal silica films with and without PVA were better protected against red rust as compared with the CCC film.
The results shown in Figs. 6, 7, and 8 indicate that CCC provided the best corrosion resistance in the electrochemical impedance analysis and open circuit potential experiment, although the anti-corrosion properties of the silica conversion-treated substrate in the SST were better than those of the CCC steel sheet. It is thought that pitting promotes the corrosion of CCC steel sheet. Chromate ions have a selfrepairing function, 18) as shown by the formula:
However, the anti-corrosion property is diminished, as the self-repair process reduces the amount of Cr 6þ in the film. Regions where pitting occurs become strongly corroded, decreasing the anti-corrosion property. Therefore, colloidal silica film is an alternative surface treatment to CCC.
Conclusions
Colloidal silicate films were produced on zinc-electroplated steel sheet using a new chemical conversion treatment, which is an alternative to chromate conversion coating. The solution used for the colloidal silica coating consisted of ( Characterization of the Silica Conversion Film Formed on Zinc-Electroplated Steelcolloidal silica, titanium sulfate, cobalt sulfate, and succinic acid. The addition of titanium ions improved the films' characteristics. The addition of CoSO 4 to the colloidal silica solution enhanced the adhesion between the zinc on the steel sheet and the silica film. In the salt spray test, red rust appeared on the surface of zinc-electroplated steel sheets at 100 h versus 900 h for silica-conversion-coated specimens. Moreover, red rust appeared on chromate-coated specimens earlier than it occurred on the colloidal silica film.
